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DYNAMICS OF LASER-DRIVEN, ABLATIVELY

ACCELERATED TARGETS

Ii INTRODUCTION

Search for a method of controlling thermonuclear fusion reactions to produce electric

power continues for about three decades. Development of such a method would permit tapping

of the practically unlimited energy locked-up in naturally occurring fusionable nuclei and free

mankind from its dependence on fossil fuels: In an era of rapidly dwindling energy resources

this research becomes imperative. One fusion technique now being considered is the laser-

driven, ablative implosion of hollow pellets made of fusionable fuel. In this scheme, powerful

laser beams ablate material from the hollow pellet surface creating high pressures that implode

the pellet in a process analogous to a rocket. If it could be arranged for the imploding pellet to

converge inward with sufficient symmetry, sufficient kinetic energy, and on a low adiabat: then,

upon convergence the pellet fuel is compressed long enough for thermonuclear fusion reactions

with a net energy gain to occur. This energy would be extracted and used to run the turbines

of a conventional electric power plant.

The present work is part of a larger integrated and ongoing experiment studying the feasi-

bility of the fusion scheme briefly sketched above. Our aim is to verify that planar targets.

modeling sections of a hollow pellet, may be accelerated to the velocities required for fusion,

and to measure the ablation parameters that help define an operating regime for a practical

fusion scenario. For this purpose, new diagnostics had to be developed. Then quantitative

measurements of the dense target velocity and ablation plasma parameters under various target,

laser-spot size, and irradiance conditions were made. These topics will be discussed in the sec-

tions that follow:

Manuscript submitted March 16, 1981.



J. (;RIJN

Section I describes what we measure, and why;

Section II reviews past theoretical and experimental contributions.

Section III describes the methods and diagnostics used in these experiments' and

Scction IV presents our results and discusses their implications.

2
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Section I

WHAT WE MEASURE AND W-"•Y

The basic goal of fusion research is to confine a plasma of hydrogen isotopes in which 1
fusion reactions with a net energy gain take place. Regardless of the confinement scheme used,

two conditions must be satisfied: first, the reacting plasma must be heated so that the rate of

thermonuclear energy production exceeds the rate of energy loss due to bremstrahlung

radiation." second, for a net energy gain (fusion eaergy/thermal energy > 1) the product of

plasma density and the reaction time must be greater than 10i4 sec/cm'1 (Lawson's criterion).2

In inertial confinement fusion, researchers attempt to exceed these criteria by heating a highly

compressed deuterium-tritium (DT) plasma (• 102' ions/cm') arnd confining it with its own

inertia fora few picoseconds.- For thi; technique Lawson's criterion is equivalent to a condition

on the compressed plasma density p, and radius R,, p, R, > 0.2 gm/cm2.' Just exceeding this

criterion, however, is not sufficient for comnmercial fusion application since the thermonuclear

energy produced must also make up for the inefficiency of the driver as well as the energy

wasted in the driver-plasma coupling, compression, and ignition processes. Inertial confinement

fusion concepts require pR,. to be ahut 3 gm/cm2. Below. I will briefly describe the particular

fusion scheme that motivates the present w,;'k and relate our measurements to it.

A. Fusion with Ablatively Driven, Hallow Pellets

The pellet type whose feasibility we are studying' consists of a hollow, spherical (few mm

diameter) DT shell coatcd with a material called an ablator (Fig. Ia). By analogy with a rocket.

aI~or deulcriumnirilurn plasman rc.aiion%. 1)4 4 -1 ttc(.Q , ScV) f- n ( 14 I M \cV . .an o If the re!.ahion prodtcli% .ie

capturcd by ihe plasma. the hb.e encrg) •% > 3 KcV
'wc ~ ~ ~ asum iha th ecinim r %gKn, 1zR,4(*. %%here C', t% Ihe ,pecd (if mioand We .n|mi awn ic.ul thal•

I i V V,4 whcre ihc therm..l veoha. '1, I - 6 I1) at 14) KcV Furr ihc orizin fi Ihicc relai.mn% %cc Ihe .irle h)

(G Frale). ci i in reference I
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(Ie [)I' shell may be thought of as the rocket payload, and the abliitor as Ihe rocket fuel.

l1owerl'ul lasers heat (lie ablator whose rapid evaporation supplies the thrust to implode the hol-

low shell tOwardls the center of ihe sphere (Fig. I h). If the implosion is sulliciently energetic.

synnliclric and Ihe shell sullicienuly cool, the I)T stagnates as it reaches Ihe center and is

compressed to a high density. T'he conmpression should be done such that a small central region

(p/,Rj - .3 gm/cm2 at 10 kcV) of the compressed DT is shock heatel to the temperature re-

quired for fusion reactions, with little extra investment in energy. The fusion reactions that be-

gin at the core rapidly spread thru the rest of the compressed DT fuel as alpha particles from

the reactions deposit their energy in the rest of the pellet thereby propagating the thermonu-

clear burn from (Fig. Ic).

Among the parameters we consider are:

a. Shell Velocity

For the hollow pellet envisioned in Ref. 4." the deuterium shell must he compressed to

3000 times solid density, To supply the energy necessary for such compression (- 2 x 107

i/g-m) the shell velocity must he about 200 kti/sec. It is important to verify expcrinmcntally

whether acceleration to such high velocity with the required uniformity and elliciency is possi-

ble. Our measurements of planar target velocities, modeling pellet shells, will be described in

the following sections.

1. Ablailohi Pressure

Ii' the hollow pellet fusion scheme is to work, some contradictory requirements will have

to he reconciled. olr example. during the acceleration phase the dense implloding shell is

pushed by a less dense ablation plasnia without. Since this is not a minilnimul energy

"TheI'lc pc elle p ii ers atre: Pellel gain - IWO0, hurn cfliciency - 4%,. implonion cmciencv -, 14%. fuel ma', -;:z t1
gnm, specillc energy - 2 x 10' i/gn.
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DT- FUEL SHELL

- ABLATOR

"(a) PELLET
CROSS SECTION

"Y..

". "' "-. .IMPLODING FUEL

::;~~¶~ ::. ABLATION

.>..,>" .LASER LIGHT
" ;..,-* ::: .-

"(b) ABLATIVE
IMPLOSION

CENTRAL IGNITION

COMPRESSED FUEL

(C) PROPAGATING
- BURN

Fig. 1.1 - A simplifled diagram showing a hollow fusion pellet
(a) before, (b) during, and (c) after implosion

Sj~S

-1



•7 .1 (ilttT

J GRtON

configuration, the DT shell and ablator material will tend to mix and brake up the pellet To

limit the development of this (Raleigh-Taylor) instability.', the shell should be accelerated to it%

final fusion velocity in the shortest possible time. This requires high pressures and. therefore.

high laser intensities. I lowever, irradiance cannot be raised without limit. Eventually undesir-

able effects of high irradiance will appear. limit the energy available for compression, and in

addition make the shell even harder to compress. Known effects include Brillouin backscatter'

that reduces the absorption of laser light, production of fast electrons'" "that would heat t(le

DT fuel pr.....urely. as well as production of fast ions and inhibited thermal transport' x ii that

reduce the efficiency of acceleration.

We must verify whether an irradiance regime that avoids non-uniform implosions, avoids

the undesirable effects of high irradiance. and is consistent with accelerating the shell to the

required velocity cxists.12 For this reason we have measured the ablation pressure and its scal-

ing with irradiance. Also, comparing experimental and theoretical scaling laws aids our under-

standing of the ablalion mechanism.

c. Ablation Velocity and Mass Ablation Rates

Ablation velocity is an important quantity influencing tile hydrodynamic efficienc) of the

hollow pellet implosion. Using a rough analogy, !he ablating plasma and pellet shell may he

thought of as products or a "decay". in which one particle transforms into two components--i|

light one and a heavy one. In this situation most or the decay energ) ends up in the light pro-

duct, although the momentum of the products is shared equally. In the fusion case too. most

of the absorbed laser energy (Ic,) ends up as the kinetic energy of Ilhe ablation plasma - MS2
2

where M is the total ablated mass and it its mean velocity. Since the momentum transferred to

the pellet shell is given by -2 I,/u. for a given absorbed energy low velocity ablation ions gen-

crate high pressure more efficiently than fast ions. Scaling laws that relate ablation velocity to

6-5,l-1I

,-',.
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the hydrodynamic efficiency of acceleration may be derived from a simple rocket model.' 3

Consequently, knowing the ablation velocity and its scaling with irradiance is important when

searching for a parameter space in which the pellet can operate. Knowing the mass ablation

rate (or mass ablation depth) also makes it possible to infer the thickness of a pellet shell that

can be accelerated to fusion velocity with the required efficiency. We have measured ablation

velocities, mass ablation depths, and their scalings with irradiance. The results will be shown in

Section IV.

iA
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Section 1i

REVIEW OF THEORY AND EXPERIMENTS

I In part A of this section the theory of ablative acceleration is presented. Emphasis is

placed on the basic physics of the ablation process and of the moving shell under ideal condi-

tions. The description is not exhaustive, but it does describe current thinking on the subject.

Scaling laws relevant to our experiment are summarized in this part. Measurements related

closely to our own are reviewed in part B. Of necessity, important work dealing with effects

such as laser-beam absorption, laser-beam uniformity, or target preheat is not discussed. The

reader is urged to consult Refs. 1-3 and references therein for information on these subjects.

A. Theory

a. Ablation

Schematics of the electron temperature and density profiles of plasma during the ablation

process are sketched in Fig. 1 The laser-beam penetrates the plasma from the right being

absorbed on the way until a critical density i,* (102i cm-*'- for a Nd-glass laser), where any

remaining laser energy may be reflected or resonantly absorbed.6 For the long duration, low

intensity laser pulses considered here (3-4 nsec, < 1014 W/cm2 ) plasma flow establishes a rela-

tively long scale-length, relatively low temperature absorption region. In this environment the

electron-ion collision frequency is high enough to provide efficient absorption by inverse-

bremsstrahlung. 7
.
8 Most of the laser energy is probably absorbed by this process.i

Much of the absorbed energy--especially near critical density--conducts down the steep

temperature gradient towards the cooler target surface where it heats up and ablates surface

J 4
i
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CRITICAL
SHOCK ABLATION DENSITY
FRONT SURFACE SURFACE

I I I
i _

_: I puI Ih)K LA E
w

0

• -~
* A

Fig. 11.1 - Schematic of the density (p) and electron temperature (T.) profiles of an ablatively
driven target, i u is the ablation velocity and /ithe specific enthalpy.
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material. This ablatin3 material (plasma) expands from the surface and, in so doing, exerts a

pressure which compresses and eventually moves the target; a shock can be generated causing

the density step depicted in Fig. 11.1. The flow of ablated plasma thru the critical density sur-

face and towards the laser also replenishes the plasma in the absorption region. In particular, if

this flow occurs on a time scale much faster then changes in the incident irradiance--something

assumed in most theories-a self-consistent regulation cycle that establishes anid maintains the

profiles in Fig. 11.1 is expected to set in. For example, if the ablation rate should for some rea-

son slightly decrease, lack of plasma in the absorption region will move the critical density

closer to the ablation surface. This will result in absorption closer to the target, the tempera-

ture near the critical surface would rise, temperature gradient (Fig. 11.1) would steepen, and the

ablation rate will go back up. If instead the ablation rate should increase, this process is

reversed. Assuming such a steady or quasi-steady ablation structure, ablation plasma properties

are commonly described by these steady state equations:

V • Val = 0 (mass conservation) (O.L1)

P(I7* V)•7 ) . - V.7, (Newton's Law) (11.2)

2V 1 + h+ V pQ (Energy conservation ).(11.3)

where p.i.Tp. and h are the plasma density, velocity, pressure, and specific enthalpy respec-

tively; Q is the energy deposited in the plasma per unit mass per unit time, and ' is the thermal

heat flux expressed by the minimum of V (-kV T,.) or'= [.fp,.I!, the

latter expression is valid in the free streaming limit.

This is the basic picture assumed in most ablation theories; individual authors differ in the

way they treat various details of the problem. Simple theories (Kidder,. Caruso and Gratton'"),

which are in planar geometry, neglect details of the absorption and energy transport to the abla-

tion layer. They also assume that all of the absorbed energy supports the expansion of the abla-
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tion plasma, and that the underdense plasma expands with sonic velocity (also called the

Chapman-Jouget hypothesis). 9 Some theories (Jarboe et al.) assume sonic flow at the critical

surface and some (Ahlborn et. al.' 2 13) eliminate the sonic flow hypothesis altogether.

In practice, no laser-target experiment is truly planar. Plasma from flat targets irradiated

by finite-diameter laser spots, for example, expands laterally, the expansion becoming

significant when the plasma reaches a distance comparable to the laser spot diameter. Plasma

from uniformly irradiateu pellet targets expands spherically. Nevertheless, if the sphericity of

the plasma flow becomes significant only after the hydrodynamic parameters reach their final, or

almost final values (ie., when the ablation to critical surface distance < < pellet radius or laser

spot diameter), then a planar theory may sti£I be able to describe the experiment. Thus, experi-

ments using large pellets or large laser spots may be described with a planar theory. However.

experiments using small pellets or small laser spots may be better described by a spherical

theory.

Divergent plasma flow from planar targets was considered by Puel11 4 who treated plasma

hydrodynamics in planar geometry using a model similar to Refs. 9 and 10, but considered

plasma expansion when calculating absorption of laser light and the temperature at the sonic

radius. (The sonic radius is the radius at which the plasma makes a transition from subsonic to

supersonic flow.) Scalings of ablation param.'. "rs with irradiance in spherical geometry were

determined by Nemchinov15 who neglected thermal transport. Scaling of the mass ablation rate

was determined by Gitomer et al."' who included thermal transport but assumed that the sonic

radius does not vary with irradiance. Inhibited thermal conductivity in spherical geometry (at

irradiances higher than ours) was considered by Rosen et al." and Max et al.18

Scalings with irradiance of ablation pressure, ablation velocity, and mass ablation rate

predicted by these theories are shown in Table 11.1. Most -f the theories give similar results.

11
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Table 11.1 - Comparison of theoretically derived scal-
ing Ih ws: Table entries are the exponents of a -- 1,"
where k• is either the ablation pressure *l., ablation
velocity ,•t ablation depth d, or the mass ablation rate
th,; and I, is the absorbed irradiance. Theories referred
to may be found in refs. 9 thru 18.

THEORY 9j uj d orth

KIDDER .75 .25 .50

CARUSO .75 .25 .50
AHLBORN .78* .22* .56*

JARBOE .66** .33** .33**
PUELL .78 .22 .56

NEMCHINOV .78 .22 .56
GITOMER .56

MAX .57 .09 .48

• 712/• .tv, IN AHLBORN'S EXPRESSIONS HAVE

HERE BEEN TREATED AS CONSTANTS. -q IS THE
ABSORPTION FRACTION.

*JARBOE ET AL. DERIVE EXPLICITLY A RELA-
TION FOR u, ONLY. TO GET THE OTHER TWO
QUANTITIES WE USED THE RELATIONS
Y1 c" n, u? AND di cc n, ui IMPLIED BY HIS
THiEORY, n, IS THE CRITICAL DENSITY.

12
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However, fixing the sonic plLsma e iaust at critical density' and not letting the exhaust den..

sity vary with irradiance changed the scalings noticeably. Inclusion of inhibited thermal tran-

sport18 changed the scalings also.

b. Physics at the Ablation Surface-Target Interface

It was explicitly recognized by some authors" 'e' that the Chapman-Jouget hypothesis may

be invalid but it was often used because it simplified the ablation model. This hypothesis and

the physics at the ablation surface-solid target interface will be reviewed below.19

The sharply rising temperatdre profile in Fig. 11.1 may be viewed aS a stationary, infinitely

steep heat front burning its way into the solid target. Just as is the case with shocks, the propa-

gation of such heat fronts depends not only on local parameters such as density but also on

external conditions remote from the heat front such as energy absorption mechanisms or

plasma thermodynamics. Three modes of heat front propagation arc recognized depending on

the absorbed intensity I., enthalpy h of the heated plasma, and the density p of the cool

material preceeding the step'3 2o [h = h (I-p)].

Mode (1): The heat front velocity is subsonic with respect to both the cool plasma in advince

of the step and the hot plasma in back of the step. Under these conditions, the

thrust of the hot plasma near the step surface drives a shock wave that overtakes the

heat step and moves ahead of it. This is the behavior pictured in Fig. 11.1. It occurs

when h is high and I./p is low.

Mode (2): The heat front velocity is supersonic with resr . to both the cool plasma irt advance

of the step and the hot plasma in back of the step. Under these conditions no "mcs-

sage" can be transmitted ffom the hot plasma to the cool material, so. that no pres-

sure precursors can develop. The heat front burns directly into an uncompressed

13
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taiget. Once the heat front passes, the pressure gradients associated with the thrust

of the accelerated plasma los'e their momentum to a subsequent rarefaction wave.

This occurs when h is low and ,Jp is high.

Mode (3): The heat front is sonic with respect to the hot plasma in back of the step. Here the

pressure and heat fronts move together. This occurs when h cc (2,,/p)-,3 . Any devi-

ation from this condition causes modes (I) or (2) to appear.

Mode (3) is the so called Chapman-Jouget detonation. It is the naturally occuring mode in

chemical detonations when an unstable chemical is locally activated by a shock wave. The

resulting chemical reaction gives off heat at a rapid rate. The heat, in turn, maintains the shock

wave-which detonates more material to produce more heat and so on. In this closely coupled.

self-sustaining cycle the heat and pressure fronts move together. But, when the heat source is

a laser the cycle described above does not exist so that the Chapman-Jouget detonation would

occur only for a special set of conditions. In fact, absorption by inverse-bremsstrahlung may

not be consistent with the Chapman-Jouget process.)2 lnterestingly, Ahlborn and Key12 found

that in the ablation process the velocity of the heat front is only slightly subsonic. This may

account for the good agreement between his theory and theories that use the Chapman-Jouget

hypothesis.12

c. Pellet-Shell Motion

When a particle decays into a heavy and a light component the light component carries

most of the energy but momentum is shared equally. A shell accelerated by an ablating plasma

behaves similarly i.e. most of the absorbed laser energy is carried by the plasma but the plasma

momentum is balanced by a shock wave in the denser shell material. Consequently, once this

shock wave equilibrates, shell kinematics may be described using momentum conservation

laws-in a manner analagous to a rocket. 2' Shock equilibration mechanisms, spall, or shock

14
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heating are, of course, ignored in such analysis. A planar geome!ry rocket with a cold exhaust

was used recently to model the results of an ablative acceleration experimcnt.2 2 The model was

found to he in agreement with experiment once a correction for the angular divergence of the

exhaust (i.e., blowolf plasma) in the experiment was made. A rocket with a hot exhaus 2 - (and

no geometrical corrections) explains ablative acceleration experiments as well.

Planar rocket models may describe the early stages of a fusion pellet implosion. I lowever,

later in the implosion phenomena such as an increasing pressure at the pellet surface due to the

decreasing pellet surface area, or shocks reflecting from the pellet center alter this simple pic-

ture. Spherical convergence effects were treated by Kidder, and Ashby.24

B. Experimenu

Ablative acceleration experiments in which both the ablation plasma and the accelerating

shell are studied in an integrated manner have begun recently. 2--27 Instead of imploding hol-

low pellets, these experiments accelerate planar targets meant to simulate a section of a pellet

shell before convergence effects become dominant. Planar targets have the advantage that both

the hot (outer) and cool (inner) surfaces are easily accessible to diagnostics. Hlowever, large

diameter laser spots (>1 mm) are necessary to obtain quantitative results in this type of experi-

ment since two-dimensional effects at the edges of smaller spots may distort the results.

Finite-laser-spot effects and our measurements of ablation plasma and target propet ties will be

discussed in detail in Sections III and IV. Below, we review observations reported in the litera-

ture.

a. Some Words on [)lagnostics

The diagnostics used to measure ablation properties include time-of-flight ion collectors to

measure plasma specd, plasma calorimeters to measure plasma energy, and pendula to measure

IS
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plasma momentum. Ablation pressures were also inferred by observing shock speeds in opti-

cally clear targets,28 and mass ablation rates (or depths) determined with layered-target tech-

niques.. 2 9 When evaluating the experimental literature, the following diagnostic peculiarities

must be kept in mind.

I In Sec. IV we will show that it is important to keep the laser-spot-diameter

large (> I mm). More importantly, changing irradiance in a parameter study by

focusing down the laser beam should not be done without caution. Doing so ai:ers

the irradiation spotsize changing the amount of energy escaping thru the focal spot

periphery30 and the distance between the ablation and critical surfaces. This may

introduce unwanted error. Focusing down the laser beam also changes the spatial

profile of the irradiance and the nature and intensity of any hot spots in the beam.

Layered-target experiments which are sensitive to the shape of the irradiance profile

may be especially affected by this.

* When plasma ions strike a pendulum collector they can stick, "bounce on'

its surface, or sputter material from it. The reflected or sputtered material, though

of low energy, 31 generates recoil momentum that can be as large as the momentum

of the incident ions. Pendula calibrations must take this into account. Note also

that low energy but high momentum plasma, such as may oi iginate from regions

beyond the focal-spot, would also be sensed by a pendulum. Since the momentum

contributed by such plasma would be irrelevant to laser fusion, its existence-or

lack of it-must be verified. These issues will be discussed in Sec. ill.

• Ion collectors measure currents passing a point far removed from the

irradiated target so that the ion time-of-flight is much longer than the time of its

16
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initial acceleration. Unlike in short, high irradiance laser pulse work,32 ion collec-

tors in the ablative regime measure a single sharp peak'3 so that their use as time-

of-flight detectors is legitimate. However, the ablation velocity distribution is

affected by laser spot size as will be shown in Sec. IV.

b. Ablation Experiments

The formation and expansion of blowoff plasmas from targets irradiated by long (> I

nsec) laser pulses were studied in the middle sixties with the advent of multijoule ruby lasers

(A , 0.69Atm). 34 -6 Scaling of ion kinetic energies343 ' and of the relative number of blowoff

ions 36 with intensity was inferred from ion collector traces. These observations were in agree-

ment with planar ablation theory. In lateýr work with infrared lasers (A - I.05,im) quantitative

measurements and scalings with intensity ol blowoff ion velocities and mass ablation rates were

obtained3 7 (see Sec. IV). The charge state of ablation ions was also measured and found to be

in good qualitative agreement with the theory.33 '

In an early measurement, lime-resolved pressure generated by a 5-nsec glass laser pulse

was inferred at a single irradiance by watching the velocity of an opaque front (believed to be a

shock wave) in the irradiated target. 28 Others inferred the scaling of average pressure with irra-

diance by measuring th.; response of a pendulum when it was struck by the accelerated target

debris.31 In this experiment target momentum was inferred from the pendulum motion. The

target area over which the momentum acts was inferred theoretically and pressure was deter-

mined using the formula: pressure = momentum/(area x laser duration.) A similar pendulum

technique was used to measure the momentum of the ablation (blowoff) plasma.-9 Our meas-

urements infer ablation pressure from the plasma blowoff momentum also,37 40 but are distin-

quished from the previous work in that the area from which the momentum arrives is ,,xpri-

mentally determined and the contribution of sputter or reflection frcom the pendulum surface is

included in its calibration. Details will be presented in Sec. Ill.

17
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c. Target Velocity Experiments

Although measurements on ablatively accelerated targets have just recently begun. the

experimental techniques are improvirg rapidly. In some of the early experiments,26 time-of

flight ion collectors were a common diagnostic of target motion. These detectors collect target

debris passing a point far removed from the target so that the debris time-of-flight is much

greater than the time of its initial acceleration. Consequerly. the technique is subject to criti-

cism that the target during the crucial acceleration and post-acceleration phases remains unob-

served. The acceleration and motion of planar targets were also studied thru observations of

t`ic shadow cast by the moving target when it is illuminated by an optical probing beam. 26, 2' In

,oiis method, though. the internal structure of the accelerating target ishadow) is also unob-

scrved. Particularly, it is hard to tell whether the moving shadow edge is cast by the dense bulk

of the target or by lower density plasma preceding and obscuring the dense part of the target.

Mote recently, space and time resolved velocity profiles of targets during the early stages of

acceleration were obtained by bouncing a short duration probe beam off the target's rear surface

and observing the resulting doppler shift.4' Our latest experime.ts permit the velocity of the

dense "bulk target" material and the qualitative nature of the shadow cast by the target to be

determined with a unique double-foil technique. Dense targets moving at velocities of 100

km/sec have been observed.' This technique and experimental results will be described in

detail in Secs. III and IV.

18



NRI MI.M(RANI) IM RI I'PORI 449?!

Section III

INSTRUMENTS AND METHODS

The apparatus used to study ablatively accelerated targets consists of a powerful laser

driver, a target irradiation facility, and associated diagnostics. An overview of the laser, the

irradiation facility, and common diagnostics will be given in parts A and B below. Then, the

diagnostics and methods peculiar to our experiment will be described.

A. Laser Driver

The driver for these experiments is the NRL Pharos I! Nd:glas,= laser, capable of deliver-

ing over 600 Joules on target in a 3-5 nsec pulse.' A schematic of this laser is shown in Fig.

1ll.1. The master oscillator is a neodymium-yttrium-lithium-fluoride (Nd:YLF). passively Q-

switched unit lasing at a 1.054 Am wavelength. This is followed by a single pass. 6.4 mm aper-

ture Nd:YLF preamplifier and two Nd:phosphate glass rod amplifiers (diameters ) = 23 mm.

and 32 mm) that boost the oscillator energy 800 fold. The laser beam is then split into two

components and each component is further amplified by a 45 mm aperture rod amplifier: opti-

cally relayed thru two disk amplifiers (d - 67 mm. and 105 mm): and then relayed again into

the target irradiation area and onto the focusing lens. For moo: of the shots in this work only

one beam of this laser was used. The soft aperture' shown in the diagram was installed after

our experiment was complete.

To obtain as uniform an illumination as possible over a large area, the planar targets used

in these experiments are placed between the point of best focus and the near field of a 1.2

meter. f/6, aspheric focusing lens. The target normal is tilted 60 with respect to the laser axis to

protect the laser from back reflection and to make the target normal accessibh. to diagnostics.

19- -_ - ~'-
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Unless otherwise stated in the text, irradiance is varied by reducing thc gain of the disk

amplifiers so that the spacial irradiance profile does not change significantly. Typical irradiance

profiles in the target plane, measured with a thin-film ablation technique.2 are shown in F-jg.

11.2. The focal distributions arc fairly uniform a:nd free of asiigmiatism. irradiance variation in

J ~ the cf'ntr~al ringed part of (lie distribution is about ±50"1.

H. T~arget Irradlance F~acility

The target facility of the lascr-plasrna interactioli group at NRL contains the final align-

i'ient, focusing, and diagnostic stages of the Pharos Hl laser. a chamber that contains the target.

a computerized data acquisition system-. and our plasma/target diagnostics. These i~re aide-

quately dcscribed in the literature' so only an overview is given here. 1)iagnicstics e5Ipeciallk

releva;nt to this work are described in parts C and 1).

The laser beam, discussed in pa~rt A. is optically relayed from the laser building and onto

the target chamber f~ctising lens. Incident and back reflected laser light is monitored utili/ing

reflections off' appropriately placed beamn-splitter surfaces. Laser energy. temporal h:-itor%. :1nd

the spatial iradiance profile in thie target plane (see alir ig. 111.2) are measured on each sihot 'I lie

laser ener.ý is measured with an Apollo calorinieter.4 a fast. -300 psec. NIRD 5 ID) PIN diodeI coupled to at Tektronix 7104 oscilloscope measures the temporal histo;)ý. The targets !o be irra-

diated are placed in a chamber and positioned with a precise XYt train: itor. Planar jgconmetr%

is chosen for our experiments so that bo!h the front and the rear gi(Ies of the target are readil%

accessible to dliagnostics. The chamber itself, shaped like a 60 cm dlianmeter (citahie(ron-rhombi

cubc. is evacuated to about 50 microtorr for all the shots in this paper Most plasma and target

diagnostics arc placed] in, or are attached :o. this chamber. Other diagnostics view the plasmia

from the outside. The diagnoritics inclbde-
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10 1C
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Fig. 111.2 -- Azimuthally averaged radial intensity profiles at the target plane. Focal spot radius
in varied by moving the focusing lens. Arrows indicate radii within which 50% or 90% of the
energy is contained. Inserts show the temporal behaviour of the laser pulse and constant irradi-
ance contours of a l-ram diameter laser spot.
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* arrays of time-of-flight ion collectors, plasma calorimeters, and ballistic pendula to

directly measure the plasma or target velocity, energy, and momentum respectively.

* a box-calorimeter to measure laser absorption.3

0 an optical probing beam utilized for several purposes, e.g., multiple frame shadowgra-

phy,"a' interferometry.,•1 doppler shift soundings,7 and double foil experiments,8 .

* a Iladland Imacon 675 streak camera with S-I and S-20 tubes used in the double foil

ext-rimentsYJ

* astigmatic spectrographs used to measure the temperature of the target rear.'

0 x-ray diagnostics such as: an array of seven PIN diode - filter combinations to meas-
A

ure 1-10 KeV emission spectra:t- four filter-scintillator-PMT x-ray detectors which

cover the !0-50 KeV region: a PIN diode - Be filter device to time resolve 1-2 KeV

x-ray emission; 3.•t an XUV spectrograph: 3.t' x-ray pinhole cameras: a spectrohelio-

graph.

* and others.

C. Ion Diagnostics and Methods

Figure 111.3 shows the setup used for measuring hydrodynamic parameters of the ablation

plasma and of the accelerateýd target. The laser beam enters from the figure's right. Part of the

beam is diverted by a beam splitter and used to measure the laser beam energy, time history,

and the spacial irradiance distribution in an equivalent focal lens plane."' The remainder is

focused by a 1.2 meter aspheric lens to irradiate a planar target positioned in the chamber with

the aid of a telescope and an imaging vidacon. Shadowgraphy and interferometry are also used

in conjunction with this experiment (measurements by J. A. Stamper).

23
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The targets theniselves are either thin. wide polystyrene foils ((Cli),,: 2-40 /im thick, -3

mm widel. or thin polystyrene disks (0.3-1.2 mm in diameter]. In Section IV we will explain

the need for both types of targets. Angular distributions of velocity, energy. and momentum

are measured with arrays of time-of-flight ion collectors, plasma calorimeters, and ballistic pen-

dula arranged around the chamber periphery. From these distributions mass ablation rates,

ablation pressures and other quantities are inferred. These measurements will be presented in

Section IV. Below, the devices themselves are described. The in-situ tests and calibration ol

the ballistic pendulum, not yet done in other laboratories, are described in detail. A

a. Time-of-Flight Ion Collectors

Asymptotic ion velocities are obtained from measurements of ion current a known dis-

tance from the target surface. A schematic of an ion collector used for such measurement is

shown in Fig. lll. 4a. The device consists of a flat copper collector plate biased to - 150 volts

with respect to its case and the chamber ground. Expanding plasma enters the detector through

a small hole and a copper mesh. When the plasma comes within a few Debye lengths iA,, =

(A T,./4ri,.e2 )t,2 ] of the collector plate the ions and electrons are separated. The electrons.

whose kinetic energy is on the order of I volt, are repelled to the earth ground: but the lolls

whose energy (. 10 KeV for carbon) is much greater than the bias voltage and neutrals ire not

affected and strike the collector. To verify that good ion-electron separation does indeed take

place, the bias voltage was reduced by a factor of 3 for a few shots-with no signilicant change

in signal.

When plasma ions or neutrals strike the collector surface, a fraction of their kinetic and

potential energy is transferred to the electrons of the collector metal.' 2 ii N If this energy is

greater than the work function of the collector some (secondary) electrons escape its surface

25
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and are repelled to the earth ground. Thus. if for each ion of charge state Z, "y, secondaries

are emitted, the collector current dQ is given by
dit

dQ _- d c (Z, + -y,) N,. III
dt dt I

where N, is the number of ions of charge state j and e is the electric charge. An example of an

ion trace is shown in Fig. 1ll.4b. The fitst small "blip" is caused by x-rays or ultraviolet light

ejecting electrons from the collector surface as the laser strikes the target. This blip provides

the initial time marker for time-of-flight analysis. An important feature of this trace is that it is

singly peaked and highly monoenergeiic. For instance the time-of-flight velocities at the FWIIM

points of the trace are within 15% of the peak velocity-the FWIIM energies are within 30% of

peak energy." Therefore. we assume that the charge state Z, and secondary electron coefficient

y, are approximately constant over the charge collector trace and simplify Eq. (111.1) to read:

dQ = e(Z + y) IN (111.2)

Then, from the current of an ion collector a distance s away from the target we may con-

veniently calculate the time averaged, asymptotic ion velocity:

fdN -L & f d- I

f (j

-tit'/I
f t it f ,i,

dt

The velocity Ft is tower but close to the velocity of the ion trace peak. Note that since we use

only the time-of-flight information exact values of the ion charge state Z or secondary electron

coefficient -y need not be known-only the approximate constancy of these quantities over a

sharply peaked, highly monoenergetic trace is assumed.

b. Plasma Calorimeters

The angular distribution of ion energ, is measured with minicalorimeter pairs arranged

around the target", U, V- (Fig. 111.Sa). The sensing element of each calorimeter consists of a

"(tisrvation or c~cn niorc niontcercrgclw trat'Co -ul be di-.u%.cd in Siion IV
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Sthin tantalum disk. (1.2 mil thick, -60 mil diameter) with I mil chromel-constantin thcrmo-

couple wires spot welded to its rear. The other ends of these wires are attached to two small

posts of a connector which serve as electrical contacts and a temperature reference for the ther-

mocouple. When energy in any form is absorbed by the tantalum disk its temperature is raised

producing a voltage signal at the thermocouple reference junction. In our experiment tempera-

ture changes on the order of I°K are produced yielding voltage signals of about 60 /V. This

voltage is amplified by a gain 1000 amplifier and read out on an oscilloscope (Fig. lll.5b). The

output impedance of the thermocouple junction is about 311. A typical energy measuring unit

consists of two minica*orimeters placed side by side. In one calorimeter the tantalum sensor

faces the plasma directly and measures all incident ion, electron, x-ray, and light energy. The

other calorimeter is covered with a pyrex glass window that eliminates ions, electrons, and x- A

rays but passes visible and near infrared light wavelengths. The difference in the signals from

the two detectors is attributed to ion energy - x-rayix and electron energy being very small in

comparison.

Sensitivity of the calorimeters to light energy was measured using a 1.06 Jim wavelength

light source. Sensitivity to ion energy was calculated fromt •e known properties of tantalum

and the thermocouple' assuming that all of the incident ion energy is absorbed. In reality.

some of the energy delivered by ions is lost due to mechanisms such as ion backscatter. sputtel-

ing.12 or secondary electron emission.' 2,13 To estimate this loss we" placed a large tantalum

plate 19 cm from the target surface and located two plasma calorimeters so that one (14 cm

from target) measures the energy/area of the incident plasma and the other (17 cm from tar-

get) measures the erergy/area reflected or sputtered from the tantalum plate (Fig. 111.6).

Assuming that no energy loss at the calorimeter surface takes place, the ratio of the signals in

the two calorimeters multiplied by (19/14)2 (to account for the relative spacial ion distribution

S'OThermocouple smnsilit'y - 60 uV/°K at .(N)K. C, - ý06 (i/niole *K, o " 166 gml)cm,
'Wicasurement by B It. Ripin
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at the incident energy detector and the tantalum plate surfaces) approximates the fraction of

incident energy not absorbed at the surface. This fraction at an irradiance of 10"- W/cm 2 is 3%.

When we placed pyrex windows on the calorimeters signals in both diminished greatly showing

that the contribution of light energy is negligible. However, since the sputtered or reflected

material has an angular distribution that scatters energy into and out of the solid angle viewed

by the reflection calorimeter, the actual fraction of energy not absorbed may be higher than the

3% estimated above.

c. Ballistic Pendula

The pendulum is a conceptually simple device that has been used in the laser-plasma

interaction context to determine the impulse transferred to irradiated targets1'9 2
1 and the

momentum of the ablation plasma.21 These experiments are configured so that the pendulum.

placed sonic distance in front or behind the irradiated target, intercepts the ablation plasma or

target debris-or the irradiated target is attached to thL pendulum itself. In either case, the

impulse of the material impacting the pendulum is determined from the amplitude or the velo-

city of its swing: these have been measured by just looking at the pendulum, using a position

transducer, or a velocity sensitive pick-up coil.2' Despite the apparent simplicity such use of

pendula is viewed with skepticism by many experimentalists. Their apprehension is easy to

understand: The pendulum is a mechanical, time integrating device that may be affected by

extrnneous mechanisms due to the electricall) noisy environment that normally exists in the

chamber during a shot. For example. Coulomb forces between a pendulum (if it became

charged through photoionization for instance) and the target or chamber walls could produce

pendulum deflection that could be misread as plasma or target momentum. Reflection or

sputter of material from the pendulum surface could also produce extraneous deflections. In

addition, the pendulum cannot distinguish between momentum from the laser-target interaction

region and irrelevant momentum (if any) produced outside the interaction region by energ)

31
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leaking through the focal-spot periphery. If the targets are very thick, momentum formed by

the laser-target interaction cannot be distinguished from the momentum of materials eiccted

from the deep. shock-formed crater that remains after the shot.

Nevertheless, the pendulum i.A a simple device that measures momentum directly-i/ the

above reservations are adequately addressed. In the parts that follow we will descriie pendula

we have built to measure the plasma and target momenta. determine the ablation pressure, an'd!

examine the validity of the pendulum technique.

(c. I) Design ani Ben'h Caliirafi,,n

We built two types of ballistic pendula: one type designed :o carry a target. the other

designed to be placed far from the target (-30 cm) so as to intercept ablation plasma or target

debris. The target bearing pendulum is shown in Fig. 111.7. It consists of an elongated plastic

structure (I x 10 cm, 4.5 gin) that has four triangular cavities machined into its middle. These

cavities arc: designed to view the 21r-sr in back of the thin foil targets attached to their faces and

to capture all of the accelerated target debris. There are four cavities on one pendulum so that

four sequential shots can be taken without removing the pendulum from the evacuated target

chamber. The pendulum pivot is made of a thin blade edge resting in cylindrical groves of the

aluminum suppor. structure. The amount of friction in this pivot configuration is %ery small as

evidenced by the long decay time of the pendulum swing. (No evidence of decay in 10 cycles).

Prendulum motion is detected by a pick-up coil,2" one end of which is glued rigidly to the hot-

tom of the pendulum structure while the other is free to swing in a 3 mm gap between the

poles of a permanent 3 KG magnet. The pickup coils are made of 200-1000 turns of I miil

insulated copper wire. The remote pendula that detect ablation plasma or target debris consist

of thin mylar or brass 25 > 40 mm collecting surfaces suspended from a blade pivot (as above)
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or by two thin nylon fishing lines. (The hittler suspension method is inferio° since it permits

the pendulum to wobbie about the vertical axis.) Motion of these pendula is also detected with

a pick up coil.

When a pendulum is struck it swings at its natural frequency (2-3 H/ in our -..Ise) and

induces an EMF in the pick up coil. The magnitude of the induced voltage is reL--:ed to the

momentum with which the pendulum was struck tairough the following equations (see Fig.

111.8):

Vj, = 2ha v, B/l (Faraday's Law) (111.4)

p/ = Iv,/r (Momentum Corservation) (111.5)

III Mgd/4ir 2 I (Frequency of Physical Pendulum). (111.6)

where: Vry, is the peak to peak induced voltage. n is the number of turns in the pick-up coil, a

is the length of coil in the magnetic field, v, is the speed of the coil in the magnetic field. B is

the magnetic field strength. r is the speed of light. p is the momentum that struck the pendu-

lum at a distance I from the pivot, I is the moment of inertia of tne pendulum. r is the distance

from the pivot to the part of the coil that is in the magnetic field. if is the pendulum mass. g is

the gravitational acceleration constant, and t/ is the distance from the pivot to the pendulum

center of mass. All the units are Gaussian.

Combining (111.4), (111.5). and (111.6) we obtain:

p (dyne-sec) 1.2 x 106 V , 0,1,iifrula,' I',~ t ).(!i

All of the parameters in (111.7) are easily measured permitting a convenient and reliable bench

calibration of the pendulum.-

As a precaution against arithmetic error we suspended a small soft wax bob (-0.05 gni)

from a thin thread (-.004 gin), raised the bob I cm and released it to swing and make an ine-

lastic collision with our pendulum. The voltage induced in the pendulum coil agreed with that
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Fig. !!1.8 - Schematic of a remote pendulum. The symbols a, n, d. I. r are the lcn~th of coil in
the magnetic field, number of turns in the coil, distance from pivot to center of mass, distance
from pivot to location at which pendulum is struck, and distance from pivot to that part of the
coil that is in the magnetic field.
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Iexpected from Eq. (111.7) to within 81%. The sensitivity of our pendula ranges from 7 to 34

mV/dyne-sec, depending on the details of construction. The lowest measurable momentum is

determined by chamber and building vibrations that couple into or near the natui. mode of the

pendulum. In our laboratory such vibrations are equivalent to -5 x 10 -- dyne-sec-which

corresponds to a -2 Am horizontal displacement of the pick-up coil.

-, The readout eloetronics for the voltage induced in the coil (Fig. 111.9) consist of a high

I impedance buffer followed Sy a gain 100 amplifier and a low pass filter that eliminates electrical

or vibrational noise frequencies higher than 10 ltz. A remotel} controlled, solid state switch is

used to damp out pendulum motion preceding a shot.

(c.2) in-Situ Checkout

Many of our measurements are made with an array of six ballistic pendula placed around

the target at -19O, -33', -50°, 145", 162', and 2350 to the target normal. Although the pen-

dula are bench calibrated, there is no guarantee that tney will continue to function as "adver-

tised" under experimental conditions-or that the momentum they, do measure is relevant to

laser fusion. In this part questions dealing with the in-situ functioning of the pendulum arfay

are addressed. Absolute pendulum calibration will be discussed in part c,4.

The remote pendula function in a noisy environment. During a shot, for example, the
i24

I target potential may rise to a few kilovolis, 2' and the chamber is full of electromagnetic noise

that is easily picked up by a wire antenna. The pendula surfaces are also bombarded by charged

particles and plasma UV or x-ray radiation.

Do phenomena oilier than ion inipact cause Ix,nduhluan dhfl/eh(ion?

To see, we shielded (wiih mylar) the front of the pendulum collecting surface from direct ion

impact and radiation-and noted no significant pendulum response during a shot. We also used

I
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a thin 1000 . polystyrene shield that stops ions but passes much of' the incident plasmna radia-

tion through to the pendulum surface (more than 40% of the energ. from 0.05-0.7 KeV and

more than 95% of the energy from 0.7-50 KeV passes :hrough to the pendulum surface").

Again, we noted no significant pendulum response during a shot.

Are siv reinote Itidulda adequate to il(W,•we tiblaioln and iargc't intotntu "

A basic requirement of a momentum measuring array is that it confirm momentum conser~a-

tion in the system being measured. Our array will not balance target--ablatIon plasma momen-

tum if the pendula do not sample ablation plasma and target mass properl%. or if the various

pendula-all of which function in different immediate surroundings-are affected b%

phenomena other than material impact. To check this out, we irradiated a 12 A m CII foil

attached to the target bearing pendulum that collects all the target mass and verified that the

target momentum and the simultaneously measured blowofl' momentum inormal to the target

v12

P" 27r ,o p(0) cosO sine dO (!II.8)

balance to within 30% (Fig. 111.10). In Eq. (111.8) p(O) is the momentum per steradian meas-

ured at an angle a and cylindrical symmetry about the target normal is .assumed. Similar bal-

ance between remotely measured ablation plasma and target-debris momenta for disk targets of'

varying diameter and thickness (0 3-1.2 nm. 5--U) m) p % ith varying absorbed irradiance and

laser energy (5 x 10" -- 3 x U)13 W/cm2. 10 - 150 J) wits also obtained, its shown in Fig.

111.11.

(3) Choie q/ Targei

In planar geometry experiments, where a iinrte diameter laser-spot irradiates a wide foil.

care must be taken that events beyond the focal-spot peripher. do not influence the experimen-

tal results too much. Such events, if significant, could not only complicate interpretation of the

"Calculation by R.R. Whitlock
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results but could make them irrelevant to laser-fusion sinLe a fusion pellet surface has no

edges. Often the finiteness of the laser-spot is not a major problem since the phenomenon

investigated requires high energies that exist only within the focal-spot (e.g., high energy

x rays), or the diagnostic has time resoluwion, or the diagnostic has spatial resolution. But a

pendulum has none of these features: It is time-integrating, has no spatial resolution, and a

small amount of energy can easily heat a large amount of mass to produce a large momentum

(E - p2/2m). Small amounts of such extraneous energy may be provided by thermal conduc-

tion through the focal-spot periphery, by plasma flow along the target surface, or by radiation

from the plasma plume. We note that a hole many times the size of the laser-spot remains in

the target foil after a shot so that during or after the laser pulse a lot of mass was released. We

also observe that liquid or solid target material has at times been accelerated over a distance of

one meter-and can presently be found on the inner surface of our focusing lens. The situa-

tion is further complicated since the heating mechanisms may vary with laser-spot size or

energy or laser irradiance. For example, thermal conduction that may not be significant at 1012

W/cm 2 will increase at I014 W/cm 2 1k = T 52 x I1 and cause more momentum from beyond

the focal-spot to be produced.

For these reasons we ordinarily use only disk targets with the pendulum diagnostic

These disks have no significant mass outside their edges. Also. since their areas arc well

known, average irradiance and momentum per unit area ma% be reliabl) calculated.

The extent of the problem that may occur if wide foil targets and ballistic pendula are

used together is shown by the following experiment; We measured the target debris and plasma

blowofi momenta (with the pendulum array) of 30/1 rpm thick CI I foils as a function of laser-

spot size which was varied h) aperluring the incident laser beam. Thz irradiance was I x 10'2

W/cm2 and the momenta were calculated using equation 111.8 As Fig. 111.12 shows. the ratio
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Fig. 111.12 - Ratio of blowoff to target-debris momenta at I x 1012 W/CMr2 as a function of laser

spot size. Momenta are measured with the remote pendulum array
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of blowoff to target-debris momentum does not stay constant but increases dramatically with

laser-spot size. An examination of the momentum per unit focal-spol area (9M% energy con-

tent) shows that the variation in Fig. 111.12 is due to a corresponding variation in the blowoff

momentum; the target debris momentum per unit laser-spot area does not vary by more than

± 25%,,t a scatter consistent with shot-to-shot variation and uncertainty in the laser-target

interaction area as the spot size is changed. These results are explainable if an energy SOLrce

whose effect increases with spot size (plasma plume radiation for example?) heats a lot of sur-

face material that is sensed by the blowoff pendult. but does not create sulficient pressure to

accelerate foil malerial outside the focal spot (Fig. 111.13). To avoid such complications we u.,_

disk targets with the pendulum diagnostic.

(c. 4) .-bs.olue ('alibraiui,

The nature of the plasma-pendulum collision (elastic?, inelastic?) and sputtering from the

pendulum surface affect its in-situ calibration. To account for these effects, the momentum of

ions reflected or sputtered from a pendulum surface is measured and the bend- ,:alibration (Eq.

H11.7) appropriately adjusted. A mass accounting technique and a comparison of pendulum

measurements to those of other diagnostics verify the calibration.

The double pendulum, sketched in Fig. 111.14, consists of two pendula enclosed in an

aluminum shield containing a small hole. Plasma enters through tile shield's hole striking the

pendulum surface being calibrated. Any material reflected or sputtered from !his surface is

detected by a second pendulum built in tie shape of a rectangular cavity." We assume that no

subsequent reflection or sputtering takes place, or that particles reflected or sputtered off one

part of the cavity surface eventually deposit their momentum within another part of the cavity.

=• Consequently. we write:

*]hi• m.glar tta h.vl ittc dlmcn%,,ns fwilih - ncighl v der:hl S 4 22 I I itm .trad h.a, i-u I 0I , ) I I p1 ̂ n 1 1.
entry holes The surface being calibrated is bent 10*-15* to the vertical 4xis so that ions reflecting in a mirror-like
fashion do not exai'e nack thiough the hole.
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DISK TARGET

/ F
tairget K

FOIL TARGET

LI 9 Pside
P P

Ptarget P
SN •L-"Pside

Pfront = P + Pside

Fig. 111.13 - Model that may explain the results of Fig. Ill. 11. Extra blowoff momentum seen
by ballistic pendula comes from regions beyond th. focal-spot.

44



oT-

CaI~

-wr -

0.0.E

U2

*J)

CLC

45



J (6RUN

p- p + yp -- /3p tll.9)

P2 yP (I11.10)

where p is the momentum of the plasma, Pn is the mome" of the pendulum being cali-

brated, yp is the momentum of sputtered or reflected material and p2 is the momentum depo-

sited in the cavity of the second pendulum. The quantity is a calibration factor relating pen-

dulum momentum (using bench calibration) to the momentum of ihe incoming plasma, it is

given by

9 ,[- p2/pn]1 (111.11)

The value of/S was determined for both brass and mylar surfaces to be 2.4 ± 0.6 (Table Ill.I).'

To verify this calibration we compare the mass of a disk target to the mass ýOc. 'Wd from

remote measurements of ablation plasma and target-debris energies and mom, - using

disk mass- 21r J, 2(E) sing dO. (111.12)

The results (Table HIM.) show that we account for the disk target mass to much better than a

factor of two. Had we not calibrated the pendulum in-situ the calculated mass would have been

six times larger. A comparison of the ablation plasma momentum measured with pendula and

inferred from energy and velocity measuremerts [p(O) = 2E(#)/iW(O)J using Eq. 111.8 at irradi-

ances between 4 x 1011 ar 1 4 x loll W/cm2 is also shown in Table 111.1. The two agree to

about 10%.

"Brass .nd mylar .urfta.v *crc ucd In out o e.|•irime for hlo.it;.l fc.m.Is , hii t•'lf i. i oll i.% the heiicI sufl.fcc

silnce dlam tin ilic spUtcif 11o il% %urf.ac %how, k,,, %,4. e¢ ilhln dll oin the ,ilhitief 1il .e hr.aN '%lifI.dC
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D. Double Foil Technique`

Final target velocities must be accurately measured so that the viability of the hollow pel-

let concept may be tested. Previous studies of planar target motion involved asymptotic meas-

urements that inferred target velocity from the velocity of its debris, but could not diagnose the

target directly; and optical methods that could not distinguish between the high density bulk of

the target and the lower density plasma that may precced and obscure it.' The double-foil tech-

nique permits time resolved diagnosis of the high density part of the accelerated target. Tije

technique consists of placing a thin foil (impact foil) some distance behind the laser-accelerated

target. Upon collision with the laser-accelerz:ed target the impact foil responds and the

behaviour of the target is inferred from this response (ig. Ill.15).

The choice of the target and impact foil material, their dimensions, and the spacings

between the two foils depend on what is being studied. Generally. the impact foil should be f
thin enough so that the shock-transit-time from its front to rear surfaces is shorter than any

other resolvable time scale of interest. E'xamples of such time scales are the time-of-flight of

the target to the impact foil, or the time scale over which the double foil collision takes place

(- target thickness/target velocity). If the shock-transit-time is short, it ma) be ignored, and

the target behaviou- at the front surface of the impact foil directly related to the response at the

rear of the impact foil. If. in addition, we choose the areal density of the impact foil to be

much greater than that of the target we may be able to time resolve its recoil and, using simple

Newtonian mechanics or a fluid code, determine the target impulse and density profiles (A

high areal density is required so that the accretion of target mass on the impact fo•;'s sufface is

negligible.) Unfortunately, we have determined (Section IV) that the recoil of the impact foil is

obscured b) low pressure (and probably low density) material ejected from its rear surface after

the collision so thai x-ray backlighting (not yet available in our laborator)} may be required to

"brpcrimcni done togceher with S P Obcnwh,itn
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do this experiment." Meanwhile. thle response of the impact t~oil to its collision w'itli the target

is being used to measure thie velocity of' the dense target (Sect;on IV). and to study the eff'ect% I-a
of nonuniform irradiance.8 nontuniform target density. nonunilorm target thickness. or target

ripple2 on the uniformity of thle acceleration. For most of thle target velocity measurements

reported here the target was a 7 or 10 it m thick polystyrene foil and thie impact foil was 7/ JAn

aluminiumn. Spacing between thle foils was typicalIh 200.700 jA mi. D~etails ol' thle target-impact

foil collision are described in Section IV.

The experimental setup is shown in Fig. 111.1lb. Shadows of thle target and impact f'oil are

viewed in two wavs: A two-dimensional imiage is frozen in timie bi, a short (< 0.5 nsec) 5270 A

probe pulse' synchronized with respect to thle main laser,' or at one-diniensional but continuous

(in timie) image is obtained with at streak camnera (Iladland Imacon 67.5 with an S-I tube). In

the latter case illumnination is provided b% a long duration (- 10 nsec) laser probe made b% fre-

quency dou bling and stacking a small portion of thle main laser pulse. Time markers cut into

the probe by at hist pockels cell provide a convenient titme calibration.

"We note thm, the use of' the douhle-t'oi tecin~ique it) ,motei miutti~hetied ivpeis,~ io %iudtl %ehtw~it rnuiiipheimon. aind mnurng ex-

~hddw$;Iph *as set up by J A Stinipcr

rs
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Section IV

EXPERIMENTAL RESULTS

In this section the momentum, energy, and velocity characteristics of plasma ablating

from planar targets irradiated by long (4 nsec FWIiM, < 1014 W/cm 2) Nd-laser pulses are

measured. The dependence of ablation parameters such as ablation pressure, ablation velocity,

and mass abiatinn depth (or mass ablation rate) upon absorbed irradiance is determined and

compared to existing theory. Large laser spots are used in these experiments so that the results

are not sensitive to boundary affects. Velocity of the dense accelerated target is measured with

a novel double-foil technique and compared to predictions made from the ablation parameters

and a simple rocket model. Dense target velocities larger than 100 Km/sec have been

observed.

A. Angular Distribution of Ablation Plasma

Angular distributions of the ablation plasma energy E (), momentum p (0), and velocity

Ti (0) for an i' *ated disk target are shown in Fig IV. 1; 5 is a mean velocity unfolded from ion-

collector traces as explained in Section Ill. All detectors are in the horizontal plane and cylindr-

ical symmetry about the target normal is assumed. Angular dis.ribustions from various disk (0.3

to 1.2 mm diameter) and wide foil targets have similar shapes. The angular distribution of the

blowoff momentum, for example, may be characterized by a half-cone angle cos I (PI IP) =

400 for both the disk and wide foil cases-, P is the normal component of the total momentum P

obtained by integrating p(O) over all solid angles. We use such angular distributions to deter-

mine the magnitudes and scaling with irradiance of the ablation parameters. Although any two
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Fig. IV. 1. Distribution of blowoff velocity, energy, and momentum measured with time-of-
flight ion collectors, plasma calorimeters, and ballistic pendula respectively. The target is a 1.2
mm diameter CH disk irradiated at 3 x 1012 W/cm 2.
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of the measured quantities would have been sufficient, we measure all three with independent

diagnostics to verify the self consistency of our results.

To examine the nature of plasma flow from the target surface we irradiated a polystyrene

target onto which we evaporated two small aluminum dots (260 ji m diameter, 2 Am thick) as

sketched in Fig. IV.2. An x-ray pinhole camera (> I KeV) viewed the target and dots edge-

on." We assume that plasma from the slightly raised aluminum dots follows the same flow pat.

tern as plasma from *he rest of the target. Since aluminum is a much stronger x-ray emitter

than CH in the sensitive range of the pinhole camera, the emission for the aluminum dots acts

as a tracer for the overall plasma flow.

The results, shown in Fig. IV.3, are reminiscent of a fluid flow pattern near the surface of

a disk. In particular, the flow direction, and therefore the blowoff angular distributions in Fig.

IV.A appear to be largely determined near the target surface. This is consistent with the above

observation that the angular distributions of ablation parameters fo,, targets irradiated by various

spot sizes are similiar. Fig. IV.3 also suggests that ablation plasma from a region of the target

surface maps into a distinct solid angle. Consequently, small detectors, many centimeters from

the target surface, sample plasma that originated from different regions of the target.' There-

fore, when calculating plasma parameters characteristic of an entire target irradiated by a spa-

tialy nonuniform laser beam, such as average pressure on a target surface, the entire plasma

angular distribution should be taken into account.

B. Measurement of Ablation Parameters

Scaling of ablation pressure with absorbed irradiancet '. c /o,' is shown in Fig. IV.4.

The pressure is deduced from Y.- P'/r.4 where r is the MWl0M laser pulse duration (4 nsec)t

"Measurement by M.J. l1crbst For a fuller description %ec NJ I lerhst and J (;un. NRL. Mcmo 4436. 1980. submit.
ted for publication
A When the plasma becomes colhssionless thermal eipansion %ill modify this simple picture lfowcver. the ratio or ion

thermal to directed velocity is small so that the modificatron is small
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and A is the area of disk targets or laser-spot area on wide foil targets. The momentum from

disk targets (defined in Eq. 111.8) was measured in two independent ways: first, using the pen-

dulum array (dark markers); second, using energy and velocity data (open markers); wide foil

results (X) used the latter method only. Agreement between both methods increases our

confiden;e in the measurements.

We verified that the pressure in Fig. IV.4 inferred from asymptotic measurements, is the

same (within 30%) as the ablation pressure calculated from measurements of the target

acceleration'.

The aspect ratio R/AR necessary to accelerate pellet shells to 200 km/sec may be roughly

estimated for a given pressure from the one-dimensional rocket equations:

d mv PAR (IV7)
A dt

R V7- (IV.2)

which give

Spv2/.91 - 400p /V.J)AR

where m, p. v. AR, R arc the shell mass, density, velocity, thickness, and radius: and a small

ablation depth is assumed. Thus, higher pressure (irradiance) or lower shell density reduce the

pellet aspect ratio. For example, at 5 x 101- W/cm 2, where the pressure is - 10 Mbar. R/AR

- 40 p which is an aspect ratio of 40 for plastic shells, or less for lower density shells made of

lithium or deuterium.

There is also latitude in choosing an irradiance to minimize pellet aspect ratio while

retaining good hydrodynamic efficiency in the pellet design. To see this we note that ablation

velocity u, and mass ablation depth d - m,/pA (rh, =- pAd/IT) vary as the 0.2 and 0.6 power

"Target acceleralion i target velocity/?" Target velocity i% measured in Patl D)
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of the absorbed irradiance (Fig. IV.5). Here h,, is mass ablation rate. From these scalings, and

the one dimensional rocket equations,

.. v .In d'"(IV 4)
U1  Imi d.

UtL

h (v/u 2  v(IV.5)

where m,, is the initial target (rocket) mass, it can be shown that the initial thickness of a target

accelerated to a given velocity for a constant pulse duration, varies as -a,, IO s' whereas the

hydrodynamic efficiency varies weakly as 71h c ,,o° 2. Consequently, increasing target thickness

and irradiance to lower the aspect ratio and increase the smoothing of irradiance nonuniformi-

ties2 causes only small changes in hydrodynamic efficiency.

These ablation results are in basic agreement with planar 3- 7 and spherical geometrys'<

theories (shown in Table IV.I). though agreement with Jarboe's et al. theory7 that fixes the

sonic plasma exhaust at critical density is not that good. Theories assuming inhibited thermal

transport' 0 in the region between the ablation and critical surfaces are not in very good agree-

ment with experiment. Consequently, it appears that basic conservation laws without any ad-

hoc thermal transport inhibition control the laser-plasma interaction in this irradiance and

pulse-length regime.

C. Laser Spot-Size and Target-Diameter Effects

Studies on flat targets are subject to the criticism that phenomena at the focal-spot peri-

phery may distort effects ascribed to the spot as a whole. Such finite laser-spot effects may

include self-generateo magnetic fields"l or energy leakage laterally across the focal-spot edge.

Moreover, extraneous plasma from areas outside the focal-spot may also contribute to the

observed results. To check for these effects we placed planar targets in the near-field of the

S~59
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Table IV.1 Summary of theories discussed in Section II
and Table 11.1. Table entries are the exponents in
a = I" where a is an ablation parameter. Theories
referred to are found in references 3-10.

THEORY 1. uL d or z
KIDDER .75 .25 .50
CARUSO .75 .25 .50
AHLBORN .78* .22* .56"
JARBOE .66** .33"* .33**
PUELL .78 .22 .56
NEMCHINOV .78 .22 .56
GITOMER .56
MAX .57 .09 .48

"EXPERIMENT 0.8 0.2 0.6

7 71 1,q IN AHLBORN'S EXPRESSIONS HAVE
HERE BEEN TREATED AS CONSTANTS. • IS TFIE
ABSORPTION FRACTION.

*JARBOE ET AL. DERIVE EXPLICITLY A RELA-
TION FOR ui ONLY. TO GET THE OTHER TWO
QUANTITIES WE USED THE RELATIONS
.cc1 " nu 12 AND th at n, it, IMPLIED BY HIS
THEORY. n, IS THE CRITICAL DENSITY
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focusing lens and varied the spot-size by aperturing the laser beam while monitoring the abla-

tion velocity. Because of laser energy limitations, this experiment uscd an dverage irradiance of

I x 10i2 W/cm 2. But even at this low irradiance the velocity did vary with spot-size' (Fig.

IV.6). Notice, however, that velocity changes were small if the laser spot diameter was

sufficiently large (> 1 mm).

Both the spatial profile of the incident irradiance and the fraction of energy escaping

through the focal spot periphery change with varying spotsize. Since the number of ions at a

particular velocity depends on absoroed irradiance. these phenomena could contribute to the

velocity variation in Fig. IV.6a. Lateral heat flow especially could shift energy from a higher to

a lower portion of the effective irradiance profile and increase the fraction of low velocity ions.

Large spot-size experiment, with relatively uniform illumination, have a smaller fraction of

absorbed energy escaping through their edges and, therefore. behave independently of spot-size

diameter.

Stationary ablation should prreduce highly peaked ion velocity distributions.,'-14 In most

of our cases the ion velocity distributions are highly peaked with a peak velocity to FWHM

ratio of 3:1. However, under some experimental conditions even narrower distributions (peak

velocity: FWHM - 7:1) and broader distributions (peak velocity: FWHM - 2:1) are observed.

These are shown in Fig. IV.6b,c. We note that generally disk targets produce narrower traces

then foil targets, small laser spots produce narrower traces than large laser spo's, and small

diameter disks produce narrower traces than large diameter disks. Also, the spread of the most

highly peaked cases is consistent with that expected from temporal variation of the laser beam

alone.b However, various experiments that attempted to identify the cau.ae of the ion trace

broadening proved inconclusive

kMc.tsurcmcni by R t)ccoste

1We aIssumc thait the lime .ivcrme g-td scalings in prt11 tI ,ipp, a0t e.ich point in lime a%• well Wc then oh.uin dIV/M Ilh( )1h

.nd iic In 2(l) w~hcrc I. V+ it. I .int| th irrantilitce. inumher of ion0%, ion I ,l octnii' ,.. time respechctwo
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S - (a)

6 (D

Z lx 1012 W/cm 2

2- 4ntvec FWHM, 1.05%ym

.5 1 1.5 2

INTERACTION-AREA DIAMETER (mm)

(b) (c)

0.2 ps

TIME

Fig. IV.6.(a). Ablation velocity u, vs interaction-area diameter for wide foil targets.
(Interaction-area is defined as the area containing 90% of the incident laser energy.)

!f 0  E J D cosO sin j/ L" j lnj

(b), (c). Examples of narrow and broad ion collector traces. The collectors arc 28 cm from the
target and at an angle of 20 to its normal.
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Accordingly, to get results representative of large systems, our experiments with foil tar-

gets are done using 1-mm diameter laser spots. Uniformly irradiated' disk targets are also used

in some cases. These disks have two advantages over foil targets; first they provide an unambi-

guou3 interaction area to use in calculating irradiance and ablation pressures or mass ablation

depths; second, any laser energy that escapes the interaction area is easily measured and .he

effect on ablation parameters is easily estimated. A small amount of energy, in fact, does

escape from the front (laser side) to the rear of disk targets. This is shown in Fig. IV.7 where

the energy measured at target rear and the expected target kinetic energy (from a one-

dimensional rocket model) are compared. For small diameter disks (300-600 itm) less than

20% of the absorbed energy flows to the target rear whereas for large diameter disks (0 mm)

this amount is only 5%. Such small energy loss out the target edge has minimal effects on the

measurement of ablation parameters.

At the irradiances employed here, this lost energy is probably due to the flow of hot ther-

mal plasma around the disk edges. Energetic superthermal electrons are not the dominant

mechanism'3 as evidenced by the low x-ray emission observed above 20 keV.' Also, no surface

plasma is seen at the rear of wide (- 3 mm) foil targets, only the kinetic energy of the

accelerated target is observed (Fig. IV.7).

D. Target Motion

The pressure of plasma ablating from the surface of a planar foil target compresses. heats.

and moves the foil. Mechanisms that may heat the target are shocks set up by the pressureY'

thermal conduction of heat from the ablation surface, or deposition of x rays created in the hot

ablation plasma. Temperatures of 2-8 eV have been measured at the rear of aluminum foils

ýf n ensure uniform Irradidtion the diameler of thi laser "pot i% :hoen io be larger than the diamtcer of the disk
About 65% of the incident laser encrgp -•tuallv irradiatcs the dihsk. remaining intcniI. % arn.iion% arc t 50%
6Mcasurement by F Young
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irradiated under the conditions of this dissertation and have been ascribed to the latter pro-

cess. Therefore, the target we accelerate may not be a solid but rather a liquid or a gas or a

hopefully well confined plasma. Belo%%. we present evidence that the aci:elerated target is com-

posed of a high-density, high-Pressure region preceded by a low-density, low-pressure region-

the velocity of the dense target region is also determined.

a. Double-Foil Shadowgraph3

Figure IV.8a. b. and c shows shadowgrams of a 7/im fii foil target (irradiated at 5 x 1012

W/cm2) photographed before (a). 1.3 nsec (b). and 3.8 nsec (c) after the peak of the laser

pulse. Both Fig. IV.8b and Fig. IV 8c are taken during the same shot. The leading edge of the

shadow of the target rear moves about 400 /min in 2.5 nsec at a speed of 1.6 x 10' cm/sec. Fig.

IV.8d. •. and f shows a similar 10/zm ('11 foil. under the same irradiance conditions, but with a

7/Mm aluminum impact foil placed 400Mpm behind it. Note that the 10/.m COf target shadow

has already collided with the impact foil 1.3 nsec after the peak of the laser pulse WFig. IV.8e):

but the impact foil does not react immediately! In fact the first sign of the impa-.-t foil's reac-

tion occurs only 3.8 nsec after the peak of the laser pulse - more than 2.5 nsec after the colli-

sion. Since the impact foil is thin enough so that shock transit time from ius front to rear is less

than 1.4 nsec (sound speed in cold, uncompressed Al is - 5 x l10 cm/sec). we interpret the

delay as being due to the leading edge of the shado% not exerting enough pressure for the

second foil to react. Now, because !he pressure exerted by a moving mass is proportior.al to its

density 1,,9,r o pv2 ), low pressure implies a lo%% density (for a constant high velocity) and high

pressure implies a high density."

Consequently, from the delay in Fig. IV.8ef over and above the shock transit time and

the velocity expected for a shadow of a 101&m foil (- 1.1 x 10' cm/sec) we approximate that

"W.e 1 ll sno, in the next pIrt that the %cl .ioll} of the %,hado(, edge and the dense t.rgil m.tler.al diffei b) - 2 So thai

v in the cxprcssionn.- pxp may he taken as'• ,tpproximatcli confliunt
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the leading 100 p.m of the twieet shadow consists of low density material unable to exert

enough pressure to disturb a 7 Aum Al foil upon impact. This low density material obscures the

main, dense part of the accelerated target from standard shadowgraphy and interferometry diag-

nostics but is discriminated againi'. here.

b. Double-Foil Streak Photograph)

A continuous time history of the two foil collision is provided by streak photography. In

this technique a cross section of the target and impact foil (Fig. IV.9) is imaged onto a streak

camera slit which displaces and records the imaged region in time. The time in which the

impact foil's shadow accelerates to its final velocity is short (- 0.5 nsec) compared to the laser

pulse, which is expected of phenomena associated with the unloading of a shock wave at a free

surface. Such phenomena include: motion of the free surface upon decompression, spall from

the free surface, or fluff from free surface." We tested for these processes by observing the

shadow of yet another, second impact-foil placed behind the first (Fig. IV.10). A lors delay

(- 4 nsec) exists between the collision of the impact-foils and the reaction of the second one.

This delay again, is. longer than the shock transit time through either impact foil." Thus. like

the leading edge 4f the ablatively accelerated target, the impact foil is also composed of a high

pressure (dense) region preceeded by low pressure (low dei. ,y) matcr;al - possibly spall or

fluff from the rear of the impact-foil.

Even though the collision between the target and the impact foil is complicated, the sud-

den reaction of the impact foil makes it a very good time marker for the time at which the

dense target material collided with the impact-foil. Fig. IV. I I shows the times at which ti"

impact foil reacts (with respect to an arbitrary origin) for various target-impact-foil separations.

"The target and impaict fil% in fig ;% 10I are nude frrn pwrol.tit graphilt ,hich i, ca% to mount flat Similar rcult%

-Acre obcrxcd for ('ii target% and aluminum irnipiat Ioi,% Shc-k %cho.ilies in p)rolytc grraphite %c re neaured h%
W i. Oust and I) A Noung (Rcf 11) %ho rcprK)t %'chittec% h•t¢cen i• m anti I liprm;um for pre%%ure% bctlV,%cn -

0 1 and I Mlhar
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For most cases, the separation is large enough so that the collision occurs after much of the

ablative acceleration period is over. All the points for each target type lie on a straight line,

indicating that no significant spherical expansion of the target in the early stages of its motion

takes place; the slope of this line is the velocity of the dense target. At the comparatively low A
irradiance of 6 x 1012 W/cm2 we have ace,,- -d target foils to I X 107 cm/sec - which is

near the velocity required for laser fusion. This velocity is also in agreement with that

predicted from measurements of the ablation parameters (Figs. IV.4, IV.5) and a simple rocket

model.

We have also compared velocities of the dense target material as measured above with the

velocities of the shadow of the target rear gotten from the shadow's slope in the double-foil

streak pictures. The ratio of the shadow to target velocities is 2 ± 0.8. Consequently, target

velocities measured with standard shadowgraphy techniques may infer target velocities that are

too high.
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CONCLUSION

The characteristics of ablation plasma from planar targets, and the velocities of the abla-

tively accelerated targets were measured. We find that a pressure of - 10 Mbar is generated at

an absorbed irradiance of 5 x 10I" W/cm2 and that the pressure scales strongly with irradiance

(c ic') the hydrodynamic efficiency of acceleration. however, scales weakly with irradiance

Dense target velocities of 100 Km/sec have been measured Thus there cxists in this irradiance

regime flexibility in choosing a pellet aspect ratio and irradiance to minimize hydrodynamic ins-

tability and increase smoothing of laser nonuniformities while accelerating shells to fusion-like

velocities. Our results are encouraging for inertial confinement fusion. Other studies that will

help decide the viability of ablatively driven fusion are now being made at NRL

Due to the limited energy of our laser and the large laser-spotsizes required to get quanti-

tative results, the irradiances in our study were limited to below 10n" W/cro2+ Studies at higher

irradiances should be made to define the point at which harmful effects such as poor coupling.

production of fast electrons etc. degrade the favorable results we have found thus far Other

target materials and laser wavelengths should be investigated as well. The broadening of the

ion velocity distribution, reported here. deserves further study - possibly with an ion resolving

instrument. Details of the double-foil collision and the conditions between the two foils need

further stucy to better understand the impulse history of the ablatively accelerated target or to

effectively model a double-s'tell pellet (to investigate presqur.. -, - -chcity multiplication, for

example).
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